In the coming decade, European dairy farms are obliged to realize a balance between phosphor (P) inputs to their farmland (in inorganic fertilizers and manure) and outputs (in crop products), the so-called P-equilibrium fertilization. The objective of the present study is to analyze the long-term effects of P-equilibrium fertilization on soil-P status (total soil-P and available soil-P), crop yield and P leaching on dry sandy soil, using data from experimental dairy farm 'De Marke', where P-equilibrium fertilization has been applied since 1989. For grassland, P availability is expressed in P-Al and for arable land in Pw. Total and available P status were monitored in the upper topsoil (layer 0-0.2 m). Total soil-P was also monitored in the lower topsoil (layer 0.2-0.4 m) and in the subsoil (0.4-0.6 m). From 1989 to 2006, Pw and P-Al (means of all farmland) decreased by 26 and 25%, respectively. In the same period, mean total-P content of the farmland decreased by 16%. There was a large variation in initial P status (1989) of the various plots. The rate of decline in all soil-P indicators was positively correlated to their initial values. In plots with the lowest initial values, P status did not change, while in plots with high initial values it tended to stabilize at lower levels. At equilibrium-P fertilization, Pw is estimated to stabilize at 20. This is lower than the recommended P status of Dutch soils used for maize cropping. P-Al is estimated to stabilize at 30-40, which corresponds to the current recommendations for grassland. The data show that at P-equilibrium fertilization, soil available-P status is higher in a maize-ley rotation than in permanent grassland. The decline in total P and available P did not affect crop yield, nor did it affect the P concentration in groundwater, but at 'De Marke', P emission to groundwater is generally low. The results obtained suggest that P-equilibrium fertilization can be compatible with efficient crop production.
Introduction
At dairy farms, phosphor (P) is an indispensable external input to replenish the P exported in products and the P emitted to the environment (Von Liebig 1841). During recent decades, however, P inputs to dairy farms in purchased feed and fertilizer have increased disproportionally in comparison to outputs in milk and meat (Edwards and Withers 1998; Halberg 1999; Aarts et al. 2000; Watson et al. 2002; Pfimlin et al. 2006) . Currently, P inputs into commercial dairy farms in the Netherlands amount to 25 kg ha -1 , while output with products is only 14 kg ha -1 (Aarts et al. 2009 ). About 20 kg P ha
is imported in feeds, purchased to meet animal feed requirements, in addition to home-grown crops. The remaining 5 kg ha -1 is in inorganic fertilizer P (Aarts et al. 2009 ). The difference between P inputs and outputs, i.e. the P surplus, may vary in Europe from 10 to 72 kg ha -1 (Pfimlin et al. 2006) . The high P input in external feeds results in a high manure P production, most of which is applied to the farmland, often in combination with fertilizer-P application. This may lead to higher P inputs to the farmland than crops are able to absorb and thus to a soil-P surplus .
A soil-P surplus contributes to the build-up of P in agricultural soils and may ultimately lead to P saturation of the soil, resulting in an increased risk of leaching to groundwater (Van der Zee and Van Riemsdijk 1988; Hooda et al. 2001; Kronvang et al. 2007 ). In areas with steep slopes also surface runoff contributes to P transport to aquatic systems (Haygarth et al. 1998) . Enrichment of water bodies with P causes eutrophication and thus negatively affects the quality of aquatic ecosystems (Tunney et al. 1997; Hosper 1997; Ulén et al. 2007 ). The European Water Framework Directive (WFD) aims at preserving water quality by reducing pollution (Anonymous 2000) . With respect to P, WFD urges EU-member states to implement regulations preventing P accumulation in agricultural soils, notably in regions with intensive animal production (Anonymous 2000; Neeteson et al. 2006) . Therefore, intensive dairy farms are obliged to balance the P input to farmland through manure and inorganic fertilizer with P output in crop products, i.e. by applying P-equilibrium fertilization.
The P concentration in manure, and hence the P application rates to farmland, can be reduced through feeding the cattle with concentrates low in P, without affecting herd performance (Morse et al. 1992; Valk and Sebek 1999) . When this strategy does not reduce manure P inputs sufficiently, the surplus manure has to be exported from the farm to be able to comply with P-equilibrium fertilization.
However, great uncertainty exists about the longterm effects of P-equilibrium fertilization on plant available soil-P. The level of plant-available P might ultimately decrease to such an extent that the P requirement of crops may not be fully satisfied anymore (e.g. Leigh and Johnston 1986) . To maintain an agronomically acceptable level of available P, farmers' practice and fertilizer recommendations suggest that a supply of 10-30 kg P ha -1 year -1 is required to compensate for the continuous transfer of plant available soil-P to non-available P through leaching and fixation Anonymous 2002; Neeteson et al. 2006) . The observation in a number of field experiments that for optimum crop production P input should exceed P output may support the suggestion that part of supplied P cannot be utilized by the crop, because it has been transferred to the non-available P pool (Gallet et al. 2003 , Neeteson et al. 2006 , Syers et al. 2008 . Syers et al. (2008) , however, argue that the importance of P fixation is often overestimated, due to biased interpretation of the results of field trials. They point at (1) investigations in which a weak yield response to P application was interpreted as an effect of low availability of supplied P, whereas it was probably caused by saturation of crop needs, (2) the short response time of experiments that leads to underestimation of the long-term recovery of P by crops, and (3) insufficient attention for residual effects of earlier supplies of P. Deliberately applying more P than is required for maximum crop production to maintain an adequate level of available soil-P, may thus not always be necessary, as is often presumed.
It should be noted that when P-equilibrium fertilization is applied to soils with a high P status, P may still move to the subsoil or leach to groundwater (Van der Zee and Van Riemsdijk 1988; Schippers et al. 2006) . If this is the case, P mining, i.e. deficit P fertilization, may be required to restrict P leaching (Koopmans et al. 2004) . For soils with different P status, subjected to P-equilibrium fertilization, data on P losses to the subsoil (layers below the root zone) and groundwater are scarce (Koopmans 2004) .
Uncertainties thus still exist on the extent to which P surplus applications are needed and on how soil-P status and crop yields will respond to long-term P-equilibrium fertilization. The aim of the current study is to evaluate the effects of P-equilibrium fertilization in a dairy production system on: (1) the development of the soil-P status, (2) crop yields, and (3) P losses to subsoil and groundwater. The evaluation is based on data that have been collected at experimental dairy farm 'De Marke', where P-equilibrium fertilization is tested at farm scale.
Materials and methods

Experimental farm 'De Marke'
Site characteristics 'De Marke', established in 1989 and fully operational since 1992 , is situated in the eastern part of the Netherlands on very light sandy soil, characterized by a 0.25-0.30 m anthropogenic upper layer, with an average organic matter content of 4.8% and a bulk density of 1300 kg m -3 , overlying a layer of yellow sand, very low in organic matter and hardly penetrable by roots . At the start of 'De Marke', the soil was ploughed to a depth of 0.3 m to homogenize the topsoil. Soil water content is usually at field capacity in spring (0.18 g per g oven-dry soil), decreasing in mid-summer to 0.12 g per g oven-dry soil under normal rainfall conditions and to 0.10-0.05 g per g oven-dry soil in dry summers. Groundwater depth is 1-3 m below soil surface during summer and 0-1 m during winter. In the research period, precipitation (mean annual 788 mm) was on average rather evenly distributed throughout the year, with a minimum of 47 mm in April and a maximum of 82 mm in July. As the groundwater level is relatively deep and the water holding capacity of the topsoil is low, available water is often limiting plant growth during the summer period.
Farm layout
The experimental farm was established to test an environmentally and economically sustainable dairy production system on a dry sandy soil, with a milk production intensity of at least 12,000 kg ha -1 (a common level in the Netherlands). The objective was to meet environmental standards for N and P. Environmental standards were translated into corresponding surpluses that were used as boundary conditions for farm performance. For P, the maximum surplus was calculated to be 0.45 kg P ha -1 year -1 corresponding to the Dutch surface water threshold value: 0.15 mg P l -1 . To realize this, a P-equilibrium fertilization strategy was applied (Aarts et al. 1992) .
To ensure that a zero P surplus was realized, P inputs were adjusted to the expected P output in milk and meat. To satisfy feed (energy and protein) requirements, with minimum use of concentrates, production of home-grown feeds was maximized through optimal fertilizer management.
The farm area (55 ha) is divided into permanent grassland (11 ha) and two grassland-arable crop rotations (Rot I and Rot II, Table 1 ). The rotation scheme of the arable phase was slightly modified in the course of time. From 1993 until 1996, fodder beet was the first arable crop to succeed the grassland phase. From 1996 until 1999, maize was the only arable crop, after which triticale and wheat were introduced as the last crop in the arable phase. During the cultivation of maize, Italian ryegrass was sown in early summer as a catch crop between the maize rows. A total of 31 ha of grassland was available for grazing by 80 cows and young stock. To prevent problem swapping, environmental goals for the farming system were to be met without exporting slurry. See Verloop et al. (2006) for further details on the farm layout.
Farm fertilizer strategy
Fertilizer management aimed at matching supply and crop demand. No inorganic P fertilizer was used, because it was hypothesized that crop-P requirements could be met with manure-P only. Annual manure-P supply was related to the phase of the rotation (Table 2) . Manure-N supply was adjusted to meet N requirements in all phases of the rotation, which was high in ley and low in maize. Consequently, in the crop rotations, P supply to ley exceeded crop P uptake, resulting in a positive P balance during the ley phase, while it was lower than crop P uptake in the arable phase, resulting in a negative P balance. The overall result of manure P supply in the crop rotations was a zero P surplus. The N requirement of permanent grassland was constant over time and, consequently, so was the N-manure supply and P-manure supply, resulting in a lower average annual P supply than in ley. P input in atmospheric deposition was estimated to be 1 kg ha -1 year -1 (Aarts 2000) . On grassland, fertilizer application was restricted to the period March 15 until August 1. Catch crops, grown in the arable phase, were ploughed-in during the first week of March. On maize, fertilizer was applied at the end of April, just before sowing. From early 2003 onwards, slurry was fermented before application.
Data collection
The total area of 'De Marke' was divided in 24 fields and each field was sub-divided in two or three plots of about 1 ha (resulting in 59 plots). For each of the 24 fields, management, nutrient flows and yields were monitored since 1993. Rate, timing and method of manure application, and dates of harvesting/cutting, grazing, re-sowing and plowing were monitored. Organic matter flows (harvested crop material and applied slurry) were measured by weighing and the related nutrient flows were quantified on the basis of chemical analyses of representative samples. Fresh grass consumption by grazing cattle was calculated by estimating standing biomass just before and after grazing and correcting for growth during grazing. P in excreta voided during grazing was estimated from feed intake, by subtracting (1) P output in milk and meat and (2) P excretion indoors. P output in milk was derived from chemical analyses of milk and monitoring of milk production.
Soil samples of the upper layer of the rooting zone (0.2 m upper topsoil) were taken in each of the 59 plots, at the start of 'De Marke' in 1989 and annually from 1994 to 2006 . In each plot, 40 cores were mixed into a composite sample. Total soil-P was determined, using destruction with Fleischman acid (Murphy and Riley 1962) . Plant-available P was expressed as Pw (Table 3) for arable crops (Van der Paauw 1971) and P-Al (Table 3) for grassland (Van der Paauw 1956 ) in accordance with their use as Van der Paauw (1956) Total soil-P Destruction with Fleischman acid; spectrophotometric determination, following coloring with ammonium molybdate, antimone and ascorbic acid mg P 2 O 5 per 100 g dry soil a Murphy and Riley (1962) a 1 mg P 2 O 5 per 100 g dry soil equals 4.37 mg P kg -1 dry soil indicators in Dutch fertilizer recommendations. Pw is an indicator for P that is readily available for arable crops (maize) and P-Al is an indicator for P that comes available during the growing season for grassland, respectively (Van der Paauw 1956 , 1971 Neyroud and Lisscher 2003) . Samples from the 0.2-0.4 m layer, the lower layer of the rooting zone (lower topsoil; 31 plots) and the 0.4-0.6 m layer, the layer below the rooting zone (subsoil; six plots), selected randomly from all plots, were collected at several occasions between 1991 and 2004. In 1989 and from 1994 to 2006 at the end of each year, the upper groundwater was sampled at 170 points, distributed proportionally per field on the basis of the area. Boreholes were constructed up to 0.8 m below the groundwater table. Water, sampled with a well-screen, using a suction pump, was directly filtered and acidified with sulphuric acid. P concentration was determined colorimetrically (Boumans et al. 2001 ).
Data analyses
We analyzed effects of equilibrium fertilization by evaluation of (1) development of soil-P status (upper topsoil), (2) crop yields and (3) losses to subsoil and groundwater. For that purpose, we first analyzed the variability in initial soil-P status: P init , Pw init and P-Al init .
Development of soil-P status
The development of the P status in the upper topsoil was analyzed at three scales: (1) farm, (2) land use: permanent grassland, Rot I and Rot II and (3) plots. Effects at farm scale were analyzed by assessment of total soil-P and plant-available P (means of all plots). Effects at land use scale (all uses subjected to P-equilibrium fertilization) were analyzed by comparing the P status as observed since the year 2000. We compared mean total soil-P and plant-available P of plots in permanent grassland, with means of plots in Rot I and means of plots in Rot II. The effects of land use type on P status were corrected for (rather small) differences in initial P status (values in 1989) . At the start of 'De Marke', soil-P status varied from rather low to very high, depending on manure application rates in the period of commercial exploitation before its establishment. This allows analysis of effects of P-equilibrium fertilization on plots with different initial soil-P status. For total P, Pw and P-Al, the relationship between initial status and their development was explored for all individual plots, using the measurements in the course of time. Eight of the 59 plots were excluded from the analysis, since they were not part of the 'De Marke' system during the entire research period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . P dynamics were explored for each plot by linear regression analysis. This resulted in estimates of the initial P status and the rates of decline (dP/dt, dPw/dt and dP-Al/dt) for each individual plot. We expected the rate of decline in plots with high initial status to level off in the course of time. To test this hypothesis we also fitted the dynamics with an exponential model (non-linear regression). Next, the relationship between estimates of the initial status and estimates of the rate of decline was analyzed by linear regression.
Crop yields
Effects of P-equilibrium fertilization on crop yields were analyzed at two scales: (1) farm and (2) field. Effects at farm scale were analyzed by assessment of P uptake and dry matter yield (means of all fields) in the course of time. At the field scale, the relation was explored between P status in the upper topsoil and yield for the main crops: grass and maize. The effect of P status on maize production for the period 1994 to 2006 was explored at the field scale by linear regression of average Pw values (arithmetic average of Pw values of the plots belonging to the field) on maize P uptake and dry matter yield. The same procedure was followed for P-Al in grassland. Effects of temperature, radiation and moisture availability and their interactions may result in different production potentials each year. Consequently, temporal variability in weather conditions may lead to differences in crop yields that could interfere with the analysis of crop response to P status. To take this variability into account, three weather types were defined with their corresponding production potential: weather type 1 (WT1) with low production potential, weather type 2 (WT2) with intermediate production potential and weather type 3 (WT3) with high production potential. For each year, potential annual grass production was simulated with the weather-based model CNGRASS (Conijn 2005) , and potential maize production with the model WOFOST (Supit et al. 1994) , based on daily precipitation, radiation and temperature during the growing seasons. On the basis of calculated potential production, years were categorized as WT1, WT2 or WT3. Effects of P status on crop yield were analyzed for years with the three weather types separately.
Losses to subsoil and groundwater
Effects on P losses to the lower topsoil and the subsoil were analyzed at two scales: (1) farm and (2) plot. Effects at farm scale were analyzed by comparing the change in total soil-P in the upper topsoil (means of all plots) over time with the change in the lower topsoil and the subsoil (means of plots). At the plot scale the same procedure was followed for individual plots.
Effects on groundwater were analyzed at two scales: (1) farm and (2) field. Effects at the farm scale were analyzed by assessment of the P concentration in groundwater (means of groundwater samples). Effects at field scale were analyzed by exploring the relationship between soil-P status and P concentration in groundwater for the years 1994-2006. P concentration in groundwater was calculated as the arithmetic mean of the values observed in the (3-6) boreholes per field. Mean soil-P status was calculated as the arithmetic mean of the values of the plots of each individual field.
Results
Development of soil-P status
For total soil-P, Pw and P-Al, the initial P status in the upper topsoil was 169 (range 116-289), 57 (range 26-141) and 75 (range 38-142), respectively. High and low values were evenly distributed over Permanent Grassland, Rot I and Rot II. The distributions of P init , Pw init and P-Al init were all skewed (Fig. 1) . P init , Pw init and P-Al init were highly correlated, with correlation coefficients of 0.81 for P init and Pw init , 0.92 for P init and P-Al init and 0.86 for Pw init and P-Al init . The P status of the plots can thus be characterised in terms of either total soil-P, Pw or P-Al. In the layers 0.2-0.4 m (n = 31) and 0.4-0.6 m (n = 6), P init (1991) was 94 ± 27.2 and 28 ± 5.9 (mean ± standard deviation), respectively, i.e. appreciably lower than in the top 0.2 m. At the farm scale, annual P surplus of the soil varied from -7 to 6 kg ha -1 , with a long-term average of -1 kg ha -1 (Table 4) . Since the application of P equilibrium fertilization, total soil-P, Pw and P-Al all decreased: Pw by 26% (the value in 2006 as compared to the initial value), P-Al by 25% and total soil-P by 16%. Hence, plant-available P decreased more strongly than total soil-P. Table 5 shows the P status in the upper topsoil for the different land use types (each subjected to P-equilibrium fertilization). The results refer only to the period 2000-2006, because land use effects were expected to become significant some years after the start of P-equilibrium fertilization, while the results of the earlier years would mainly reflect the initial soil-P status. Pw was lower under permanent grassland than under Rot I and Rot II. Trends for P-Al and total soil-P were similar, but differences were not significant.
The average rate of decline (units per year) in total soil-P, Pw and P-Al in the various plots decreased with decreasing initial values (Fig. 2) . Total soil-P hardly changed in plots with low initial values (P init range 100-130). Similarly, Pw and P-Al did not tend to decrease in plots with Pw init of 20-30 and P-Al init of 30-40, respectively (Fig. 2) . The rates of decline in total soil-P, Pw and P-Al can accurately be described as simple linear functions of their initial values.
For most plots, the dynamics of total soil-P could be accurately described as a linear function of time. Non-linear regression did not result in a better fit. For most plots with a high initial-P status, however, the dynamics of Pw and P-Al could be described more accurately by an exponential function, indicating that the rate of decline in those plots tended to level off.
Crop yield
At the farm scale, crop P uptake varied from 26 to 36 kg ha -1 , but P uptake was not correlated with the development of P status and did not show any trend over the research period (Table 4 ). The same was observed for dry matter yield. Dry matter yield was positively correlated with P uptake (Table 4 ).
In Fig. 3 , dry matter yields of maize and ley are plotted as a function of the P status of the upper topsoil (Pw for maize and P-Al for ley). The yields are clustered according to weather types with low (WT1), normal (WT2) and high production (WT3) potential. Dry matter yields of maize and ley did not show a significant correlation with the P status of the upper topsoil. This was neither the case when the distinction between weather types was not made. Dry matter yield of maize, however, tended to be positively correlated with Pw in WT2 and WT3 years, and negatively in WT1 years (Fig. 3) . Dry matter yields of ley were highly variable, irrespective of the value of P-Al, and tended to be positively correlated with P-Al in WT3 years, not correlated in WT2 years and negatively correlated in WT1 years (Fig. 3) . Correlations between dry matter yield and PAl in permanent grassland (not shown) were similar to those in ley. In Fig. 4 , P uptake by maize and ley is plotted as a function of the P status of the upper topsoil (Pw for maize and P-Al for ley). P uptake by maize and ley was not correlated with soil-P status when no distinction was made between weather types. There was, however, a positive correlation between P uptake by maize and Pw in WT2 years. P uptake by ley correlated positively with P-Al in WT2 and WT3 years (Fig. 4) . There was no significant correlation between P uptake by permanent grassland and P-Al (data not shown).
The relations between N uptake by maize and grass and soil-P status (data not shown) were similar to those between dry matter yields and soil-P status. Fig. 4 Relation between Pw and P uptake (kg ha -1 ) by silage maize and relation between P-Al and P uptake by ley in years with low (WT1), average (WT2) and high (WT3) production potential conditions, respectively
The N/P ratios in maize and grass dry matter were on average 7.1 (with a variation from 4.0 to 10.4). The ratios did not show any correlation with the P status of the topsoil. P losses to the lower topsoil, subsoil and groundwater For the 31 plots selected for multi-layer sampling, total soil-P in the upper topsoil declined by 1.5 units (17 kg P ha -1 ) per year (at a bulk density of 1,300 kg m -3 , 1 unit of total soil-P is equal to 11,4 kg P in a soil layer of 0.2 m). In the lower topsoil, total soil-P increased by 1.4 units (16 kg P ha -1 ) per year, and in the subsoil it decreased by 0.3 units (3.4 kg P ha -1 ) per year. Apparently, the decrease in P in the top layer practically equals the accumulation in the 0.2-0.4 m layer (Fig. 5) . For individual plots, no significant correlation was observed between the change in total soil-P in the upper topsoil and the change in the lower topsoil and the subsoil (Fig. 6) . For most plots, a decline in total soil-P in the upper topsoil coincided with an increase in the lower topsoil. However, several plots showed a decline in both, the upper and the lower topsoil, as well as in the subsoil.
At the farm scale, the P concentration in groundwater (1-3 m below soil surface) fluctuated over time, but did not show a clear trend over the research period. Consequently, the P concentration in the groundwater was not correlated to the gradually declining P status of the soil (Table 4) . It should be noted that the P concentration was well below the target level of 0.15 mg l -1 .
In Fig. 7 , the P concentration in the upper metre of groundwater is plotted as a function of Pw. Since the groundwater level varied in time and space, and the groundwater samples were collected from the upper metre of groundwater, sampling depth corresponds roughly to the groundwater level at the moment of sampling. To prevent entanglement of effects of groundwater depth and Pw, the data in Fig. 7 are presented for different groundwater level classes. P concentration in the upper metre of groundwater was not correlated to Pw in the upper topsoil at any of the groundwater levels. Occasionally, higher P concentrations were found when the groundwater level was shallower than 2 m below the soil surface, but even in those situations, P concentrations in the groundwater were not correlated to Pw in the upper topsoil. The combination of shallow groundwater depth and relatively high P concentrations was observed particularly in 1998 (Fig. 7) , when precipitation in early spring was extremely high. Results for total soil-P and P-Al were similar to those presented for Pw.
Discussion
Development of soil-P status From Fig. 2 it can be concluded that P-equilibrium fertilization leads to a gradual decline in total soil-P, Pw and P-Al values in the upper topsoil, with average rates of decline proportional to their initial values. Consequently, in the upper topsoil, total soil-P, Pw and P-Al were more or less stable in the fields with low initial status, while these low values were approached in fields with high initial values. These values, therefore, provide an indication of the equilibrium-P status in the topsoil that will be attained after long-term P-equilibrium fertilization. Thus, we may anticipate an equilibrium total soil-P of about 120, an equilibrium Pw of about 20 and an equilibrium P-Al of about 45. These values of plantavailable P are somewhat higher than those predicted by Del Campillo et al. (1999) , based on modelling. They explored the dynamics of Pw on farmland in a scenario where excessive P fertilization was followed by P-equilibrium fertilization. In that scenario, Pw declined to 13 for soils with a normal P-binding capacity and lower for soils with a low P-binding capacity. The difference between our results and those of Del Campillo et al. (1999) may be associated with: (1) a higher P-binding capacity at 'De Marke' than assumed in the scenarios (a high binding capacity is associated with a high equilibrium level of available P; Van der Zee and Van Riemsdijk 1988), (2) effects of crop rotation that are not accounted for in the chemical models used (as will be discussed below). The decrease in Pw in permanent grassland was stronger than in Rot I and Rot II and the same tendency was found for P-Al (Table 5) . Apparently, in the crop rotations a larger proportion of the total P pool was available for plant uptake. In the literature, stimulating effects of land use and soil management on P availability have been ascribed to (1) the release of root exudates by crops, e.g. lupine (Kahm et al. 1999; Horst et al. 2001; El Dessougi et al. 2003) and rape (Hoffland et al. 1992) , (2) effects of soil fauna (Breure et al. 2004 ) such as bioturbation or mycorhizal activity, often associated with minimum tillage management, (3) the use of deep rooting crops, such as tree species that can acquire P from deep soil layers (Breman and Kessler 1995) and (4) the return of plant residues to build up a P pool that is bound to organic matter (Kabengi et al. 2003; El Dessougi et al. 2003) . None of these explanations logically applies to our situation. In our cropping scheme, the stimulating root exudates should have been produced by maize and to a lesser extent small grains (triticale, wheat), but notably maize is not renowned for stimulating P mobilization to a larger extent than grass (Kahm et al. 2002) . Moreover, significant effects of root exudates have been observed particularly in extensive cropping systems with low soil-P levels and low P inputs. Concerning (2), at 'De Marke', the activity of soil fauna is lower in Rot I and Rot II than in permanent grassland. With respect to (3), at 'De Marke', all crops have a similar rooting depth due to the sharp boundary between the upper, relatively fertile, rooting zone of 0.3-0.4 m and the underlying layer of yellow sand. Concerning (4), calculations using crop-specific default values indicate that the return flow of plant organic matter is higher in permanent grassland than in Rot I and Rot II (Verloop and Van Keulen 2007) . Presumably, in the ) as a function of Pw in the upper 0.2 m of the soil (both, means per field), for different groundwater depths. Open squares refer to 1998, black squares to all other years current study, the stimulating effect of crop rotation on P availability is the result of ploughing. Perturbation of the topsoil through ploughing may mobilize P that is bound to organic matter and/or metal oxides. This implies that ploughing, associated with crop rotation, could be an important practical measure to maintain soil-P fertility on farms that have to apply P-equilibrium fertilization. This, however, holds only in flat areas. In hilly areas, ploughing may induce P runoff and hence loss of available P from the soil, particularly in the period between ploughing and the start of growth of the subsequent crops when the soil is bare (Heathwaite et al. 1999 ).
Crop yields
At farm scale, P uptake and dry matter yields were positively correlated. In 'normal' field trials, with P supply as the variable factor, this might be interpreted as an effect of P on crop development. In the current study, however, the opposite might be the case: an effect of crop development on P uptake, because (1) we hardly observe an effect of P supply (as indicated by soil-P status) on P uptake and (2) N:P ratios in crops do not suggest any P limitation.
At farm scale, no significant effects were observed of soil-P status on crop P and N uptake and crop dry matter yield (Table 4) . This was neither the case when the data were differentiated in low, normal and high production potential weather types (Figs. 3, 4) . The temporal variability in crop nutrient uptake and crop yield is high, particularly for grass, but this is likely to be related to other factors than P availability, such as intensity of grazing, age of the sward and/or variations in cutting frequency. Moreover, the observed tendencies in the relations between soil-P status on the one hand and P uptake and crop yield on the other, were not consistent. We expected that a low soil-P status would limit yields, particularly when the production potential is high, but this occurred only in the ley. Apparently, at 'De Marke', P limitation was almost absent. This conclusion is supported by the low N:P ratio in the crops (Penning de Vries et al. 1980; Koerselman and Meuleman 1996) . The ratio of the N and P contents in plant tissue is an indication for the limitation of plant growth by either N or P: at N:P ratios[16, P is the main limiting nutrient and at N:P ratios \16, it is N (Koerselman and Meuleman 1996) . In the current study, the N:P ratio did not exceed 11, indicating that N is the main limiting nutrient for all fields and in all weather types. This is plausible, since at 'De Marke', N is restrictively applied to prevent N losses. Hence, also in fields with a soil-P status at or close to the equilibrium value, P limitation is not likely. This finding is in agreement with insights formalized in Dutch fertilizer recommendations for grassland, since the equilibrium P-Al value derived from our research corresponds to the level considered sufficient for optimum grassland production (Anonymous 2002) . For maize, however, the equilibrium Pw value (20) (Table 4) which is equivalent to 17 kg P ha -1 year -1 . With a net withdrawal from the fields (supply minus export in crop products) of 1 kg P ha -1 year -1 , average 'loss' of P would be 16 kg ha -1 year -1 . Results of groundwater monitoring indicate that leaching to groundwater (depth 1-3 m below the soil surface) was negligible. In general, P concentrations in groundwater were far below 0.15 mg l -1 , at an annual precipitation surplus of 300 mm, equivalent to a P flux of about 0.5 kg ha -1 year -1 . It can thus be concluded that P must have moved from the upper topsoil to the lower topsoil and the subsoil, but not deeper than 0.6 m below soil surface. This is illustrated by the developments in P contents in the different soil layers (difference between the initial contents and the means of Fig. 5 ): P accumulation in the deeper layers practically equalled P depletion in the upper topsoil. The lack of significant correlation between P depletion in the upper topsoil and P accumulation in the lower topsoil and subsoil per plot (Fig. 6 ) may be associated with the inherent soil heterogeneity. The anticipated decrease in total soil-P in the upper topsoil from the present level (142) to the equilibrium level (120) is equivalent to a P 'loss' from the top layer of about 250 kg ha -1 . This amount will be transported to deeper layers after the introduction of P-equilibrium fertilization.
The analysis of P leaching in situations with high and low groundwater levels does not suggest any effect of soil-P status on P leaching. High P concentrations were observed more frequently in situations with a shallow groundwater table than in situations with a deep groundwater table. The risk of P leaching on free draining sandy soils seems to be determined by groundwater depth rather than by soil-P status. This is in agreement with the known mechanisms of P binding to soil. Both, in the top layer and in the subsoil, P can be immobilized by Feand Al-(hydr)oxides (Freese et al. 1992 ). In the situation of shallow groundwater levels, however, these (hydr)oxides are (partially) dissolved, leading to release of P. Hence, transport of P to the subsoil may result in an increased risk of P leaching to groundwater. Soil-P mining by applying less P than P-equilibrium fertilization may be an appropriate strategy to reduce risks in the long term, but management of groundwater levels seems crucial to reduce risks of P leaching in the short term.
Conclusions
It is to be expected that future legislation on nutrient management will force farmers to apply P-equilibrium fertilization. The results obtained on dry sandy soil suggest that P-equilibrium fertilization can be compatible with efficient crop production. Particularly on P-rich soils, P-equilibrium fertilization will lead to a decline in total-P content in the upper 0.2 m of soil. However, continuation of P-equilibrium fertilization will result in an equilibrium soil-P status with a total soil-P content of 120 mg P 2 O 5 per 100 g dry soil, a Pw value of 20 mg P 2 O 5 per dm 3 soil and a P-Al value of 45 mg P 2 O 5 per 100 g dry soil. A crop rotation with maize, ley and wheat/triticale resulted in higher values for crop-available P in the soil than permanent grassland, which is probably caused by ploughing. Ploughing, associated with crop rotation, might thus be an adequate strategy to prevent a strong decline in soil-P status when P-equilibrium fertilization has to be applied. Soil-P availability did not affect dry matter production and P and N uptake by maize and grass over the full range of values, including those corresponding to the equilibrium status. Hence, P-equilibrium fertilization is not likely to affect crop production as is often presumed, provided that appropriate crop and nutrient management practices are implemented. Negligible P concentrations were detected in the upper groundwater (at depths of 1-3 m), so the observed loss of P from the upper topsoil must have resulted in immobilization in the lower topsoil or the subsoil. P concentration in groundwater was not correlated to soil-P status. Actual risks of P leaching to groundwater seem to be determined by groundwater level rather than by soil-P status. Mining of P from P-enriched soils may be required to prevent P leaching to groundwater in the long term.
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